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We review recent experience from the Cluster, Double Star, and THEMIS missions for lessons that apply
to the upcoming Magnetospheric Multiscale Mission (MMS) being developed for launch in 2014. On
global scales, simulation and statistical studies lead to mean conﬁgurations of dayside reconnection,
implying speciﬁc relative alignments of the inﬂow magnetic ﬁelds and X-line, with implications for
MMS operations designed to maximize the number of close encounters with the diffusion region. At
intermediate MHD-to-ion scales, reconstruction of features created by one or two X-lines have
developed to the point where data from a cluster of spacecraft can determine their temporal trends
and the approximate three-dimensional X-line structure. Recent petascale particle-in-cell (PIC)
simulations of reconnection encompass three spatial dimensions with excellent resolution, and make
striking predictions of electron scale physics that creates complex interacting ﬂux ropes under
component reconnection. High time resolution measurements from MMS will determine the detailed
electron scale kinetics embedded within the global and MHD–ion scale contexts. These developments
will lead to the reﬁnement of our three-dimensional multiscale picture of reconnection, yielding
improved understanding of the global, MHD, and local physics controlling the onset or quenching,
variability, and mean rate of reconnection. This in turn will enable improved predictability of the
structural features created by transient reconnection, and their space weather consequences.
Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
From the perspective of the dayside magnetopause, reconnec-
tion is a process that disrupts the magnetopause current sheet,
leading to direct coupling of solar wind energy into the magneto-
sphere along connected magnetic ﬂux tubes. The magnetopause
current sheet nominally separates the internal geomagnetic ﬁeld
and plasmas from the external shocked solar wind and magnetic
ﬁeld. The internal and external plasmas vary strongly and are in
general highly dissimilar, leading to strong asymmetries in the
current sheet. The current sheet can perhaps be thought of as an
asymmetric version of the simple (Harris, 1962) current sheet,
with a thickness on the order of the ion inertial length, though
there is no formal solution for this of which we are aware: þ1 240 205 2377.
swri.org,
.S. Daughton),
c@lmco.com (S.M. Petrinec),
 CC BY-NC-ND license. (Pritchett, 2008). In such a current sheet, a local reduction of
the magnetic ﬁeld intensity is to zeroth order balanced by an
increase in the plasma pressure, such that the sum of the two
pressures is constant across the sheet. This is presumably valid
when a guide ﬁeld reduces the ﬁeld shear and hence, the amount
of plasma pressure needed to balance the ﬁeld pressure reduction.
Though complicated by the disparate properties of internal and
external plasmas, an asymmetric sheet current can and does exist
at the magnetopause.
Disruption of the current sheet allows the magnetic ﬁelds to
connect locally across the sheet along an X-line, with reconnec-
tion rapidly convecting plasma from the solar wind and magneto-
sphere onto the newly created ﬂux tubes connecting the two
regions. On such ﬂux tubes, the plasmas rapidly interpenetrate
and mix, while energy is transported from the magnetosheath
into the magnetosphere and along ﬁeld lines to the conjugate
ionosphere, as the ﬂux tubes are dragged anti-sunward into the
magnetotail.
In this paper, we focus mainly upon recent studies of the
dayside magnetopause and the connection of interplanetary
magnetized solar wind with the magnetospheric plasmas of Earth,
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be made possible by the Magnetospheric Multiscale Mission
(MMS), currently in development for a late 2014 launch. A more
comprehensive review of diffusion region physics is given by
Hesse et al. (2012). Here we summarize a number of recently
published results across the range of scales, and then examine the
capabilities that MMS will bring to our understanding of recon-
nection in this context. Though MMS will also study the nightside
plasma sheet and reconnection there, we will limit our discus-
sions to the dayside case.Fig. 1. Dayside magnetopause reconnection, from Moore et al. (2002), illustrating
(top) reconnection with short X-line (white) segments limited to regions of
antiparallel ﬁelds, (bottom) component reconnection distributed along a Z shaped
X-line deﬁned by local ﬁelds.
Fig. 2. Dayside magnetopause reconnection, from Fuselier et al. (2011) illustrating
the X-line as a black trace following the locus of maximum shear, then the locus of
antiparallel reconnecting ﬁelds.2. Global scales
Q. What determines X-line conﬁguration: characteristic
curves, the locus of maximum shear, or?
At the largest scales for a magnetosphere, we are concerned
mainly with the distribution of reconnection X-lines (curves,
actually) on the dayside magnetopause, and within the magneto-
tail, and their integrated contribution to plasma circulation and
the transpolar potential. Here we focus on the dayside magneto-
pause, where statistical studies have begun to bear on and in
some cases, challenge our theoretical ideas. A decade ago, there
was a debate about whether reconnection was highly localized in
regions of nearly antiparallel internal and external magnetic ﬁelds
(Crooker et al., 1979; Luhmann et al., 1984) or more distributed
on the magnetopause, especially across the subsolar region, as
‘‘component’’ reconnection, that is with a ‘‘guide ﬁeld’’ normal to
the plane in which it looks two-dimensional. By now this debate
has largely been resolved in favor of an important role for
component reconnection (Chandler et al., 1999, 2008; Kim et al.,
2002; Moore et al., 2002; Sonnerup et al. 2004; Pu et al., 2005;
Trattner et al., 2004; Pu et al., 2007; Trattner et al., 2007).
Given that component reconnection is relatively widespread
over the magnetopause, the next issue is the distribution of X-line
or lines on the magnetopause, as a function of solar wind
magnetic ﬁeld orientation. While the requirement for two mag-
netic ﬁelds to be antiparallel has softened, there is agreement that
the amount of shear between the two ﬁelds strongly inﬂuences
the curvature of newly reconnected ﬁeld lines, and a strong
suspicion that the rate of reconnection is greater when the
magnetic tension force ‘‘pumping’’ plasma out the exhaust ﬂow
regions is greatest, that is, when the magnetic shear between the
two ﬁelds is greatest. Fig. 1 illustrates some ideas concerning this
question.
Moore et al. (2002) discussed this while arguing that the shape
of the X-line is determined by the requirement that it locally
constrained to bisect the angle between the two ﬁelds, and
everywhere continuous. The authors computed a family of pos-
sible X-lines determined by the overall ﬁeld geometry, and argued
that the active X-line is selected by virtue of its passage at some
point along its length through a region of maximal shear or
current sheet density. 3D PIC simulations of reconnection (Shay
et al., 2003) have lent plausibility to this picture, in that recon-
nection begins in those simulations in a location of maximal
shear, and subsequently spreads along an X-line extending in
both directions away from that starting point. Moore et al. (2002)
found that the family of X-lines that intercepts the point of
maximum shear has an S or Z shape, depending on the sign of
IMF By, which is centered on the subsolar equatorial region, and
loops poleward around each cusp. A necessary corollary of this
approach is that the X-line must cross the ridges of antiparallel
ﬁelds at a right angle, thus meeting them at a pair of single points,
one in each hemisphere, which are usually points of maximal
shear along the X-line. As the IMF clock angle varies from
southward to northward, these points rotate from the equatorto the ﬂanks and then poleward of the cusps for northward IMF.
Thus, the highest shear regions with antiparallel ﬁelds move from
the equator at southward Bz, to the opposite ﬂanks for zero Bz, to
the lobes above each cusp for northward IMF.
In a contrasting approach, Fuselier et al. (2011) ascribed a
primary importance to maximum ﬁeld shear and argue that the
X-line orientation follows the locus of maximum shear across the
magnetopause. This approach is also consistent with a persistent
X-line lying across the (tilted) near-subsolar region, connecting
the two ridges of antiparallel ﬁelds emanating in opposite direc-
tions from the two cusps, as shown in Fig. 2. An S or Z shape
similar to that derived by Moore et al. (2002) is found from this
approach in the near-subsolar region, but when the X-line reaches
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ﬁeld shear’’ hypothesis, it must follow the ridges as they extend
away from the cusps and toward the ﬂanks for IMF By dominant.
They rotate poleward toward the lobes for positive (north) Bz, and
toward the equatorial region for negative Bz. The two approaches
are in qualitative agreement in the subsolar region, but they
diverge orthogonally in the regions poleward of the antiparallel
ridges. The X-lines diverge to high latitudes in the ﬁrst or along
the ﬂanks of the magnetopause for the second approach. The high
latitude region will not be sampled by MMS, but the occurrence of
reconnection along the magnetospheric ﬂanks will be much
greater if the maximum shear hypothesis is correct. The resolu-
tion of this discrepancy is important from a global perspective
and it admits to a combination of simulation and observational
approaches.
Somewhat surprisingly, even single ﬂuid MHD simulations
contain reconnection X-lines with global scale features somewhat
like those illustrated by Figure 2 of Moore et al. (2008). However,
visualizing the X-line has proven to be challenging (Ouellette
et al., (2010); Laitinen et al., 2007). To date the predictions of
MHD simulations appear to be consistent in suggesting an X-line
that tilts as the clock angle departs from 1801 (pure SBz), and
curves poleward to some degree. It is less clear whether the X-line
extends to high latitude over the cusps or to low latitude along
the ﬂanks, for typical Parker spiral IMF orientation.
The Cluster mission at high latitude, in conjunction with
Double Star/TC-1 at low latitude, provide relevant data on the
issue, with studies conﬁrming the S or Z shape of the X-curve on
the magnetopause were reported by Pu et al. (2007). A more wide
ranging survey has also been undertaken (Wang et al., 2009),
conﬁrming the published results. In Fig. 3, we show a survey of
plasma ﬂow direction statistics obtained from Cluster and TC-1,
sorted into duskward and dawnward IMF bins. Because reconnec-
tion deﬂects ﬂows away from X-lines, the observed bifurcation of
ﬂows reﬂects the mean direction of the X-line in each region of
the magnetopause. The overall pattern is found to be consistent
with the S–X–Z hypothesis. Indeed, the data support the conclu-
sion that the X-line crosses the antiparallel ridges for typical clock
angles of 901 (Parker spiral IMF). The maximum shear hypothesis
would have the X-line following the antiparallel ﬁeld ridges downFig. 3. From Pu et al. (2007) with added duskward case: The S or Z-shaped global v
represents the angle between the unperturbed magnetospheric ﬁeld at zero tilt and ththe ﬂanks of the magnetosphere. This can be more deﬁnitively
tested with MMS, which will heavily sample the regions along the
low latitude ﬂanks well away from the subsolar region. While this
issue remains open to some degree, there is good agreement
between the two approaches that an X-line is routinely present in
the subsolar region and that it extends across the magnetopause
over global scales, effectively splitting open the geomagnetic ﬁeld
and connecting it with the IMF.3. MHD-to-ion scales
Q. Can ﬂux ropes be diagnosed in time evolution or in 3D using
single or multiple s/c data?
The next level of reconnection structure scales are the ion
scales, from the heaviest to lightest ions involved. The normal
dayside magnetopause is itself an ion scale structure that can be
described as a (asymmetric) Harris-type current sheet. Such a
current sheet exists with ion inertial scales when two different
magnetized regions are in pressure balance, and the current ﬂow
is supported by purely kinetic particle motions and their asso-
ciated magnetization currents in gradients of plasma pressure.
Within the current sheet, the JB force is balanced by the
pressure of plasma trapped in the ﬁeld minimum, such that the
total pressure is continuous and relatively constant across the
sheet. Thus the current density is maximal where the ﬁeld
minimum is greatest, that is, where the ﬁeld shear is greatest,
that is, where the ﬁelds are locally antiparallel. No resistivity or
anomalous processes is necessary for a sheet current to ﬂow in
collisionless plasma or for such a current sheet to thin to ion
inertial scales. Both of these are natural consequences of MHD
stress balance.
However, any local reduction of the integrated sheet current
will lead to interconnection between the two adjoining magne-
tized plasmas, which would otherwise have been separated from
each other by the sheet current. As soon as interconnected ﬂux
tubes are created, new tension stresses are developed that
evacuate plasma away from the reduced current region into the
adjacent current sheets. This evacuation draws plasma ﬂow into
that region from the two magnetized plasma reservoirs, settingiew of the dayside MR for the dawnward/duskward IMF. Color along the X-line
e draped (Parker spiral) IMF ﬁeld (0, 75, 0) nT.
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Fig. 4. From Hasegawa et al. (2010), Grad–Shafranov-based reconstruction from a single spacecraft is shown to depict the temporal evolution of a ﬂux rope.
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X-line segment. That sets the stage for electron scale phenomena,
which may then regulate the ﬂows by shaping the magnetic ﬁeld
stresses in the inﬂow and exhaust regions and their separatrices.
Recently, Grad–Shafranov equilibrium analysis has been
shown to be a remarkably successful 2D description of the
creation of magnetic islands (2D ﬂux ropes) generated by parallel
adjacent X-lines (Sonnerup and Guo, 1996; Sonnerup et al., 2004).
This suggests that the balance between magnetic tension and the
gradient of ﬁeld plus plasma pressure is indeed dominant and
gives a reasonably accurate description of 2D magnetic island
structures formed as ﬂux transfer events (FTEs). It also implies
that other (inertial or resistive) terms are, if not negligible, of
lesser importance to the overall force balance.
Even with multi-spacecraft missions such as Cluster and
THEMIS, distinguishing between temporal and spatial variations
is challenging. Most data analysis methods assume that variations
in a time series of data, taken by a moving observing platform, are
due either to motion of a planar structure, or to observation of
two or threedimensional structure, moving past the platform but
essentially timestationary in its own frame of reference. For
instance, Grad–Shafranov (GS) reconstruction assumes that the
structures are twodimensional (2D) and timeindependent in a
proper co-moving frame.
Applications to real spacecraft measurements (Hau and
Sonnerup, 1999; Hu and Sonnerup, 2003; Hasegawa et al., 2004,
2006), however, show that the velocities are not in general
aligned with the magnetic ﬁeld in the 2D plane, so the structures
must be evolving in time (Sonnerup et al., 2004; Sonnerup and
Hasegawa, 2010; Hasegawa et al., 2010). Using this formulation,
data from a single spacecraft have been used to reconstruct a 2D
structure compatible with the spacecraft time series of data, and
to obtain a time rate of change of the structure. For example, asillustrated in Fig. 4, an observed FTE ﬂux rope or tube was shown
using this technique to be contracting toward its core during the
passage of the spacecraft.
When temporal evolution can be ruled out, an additional
dimension can be accessed using multi-point measurements with
a magneto-hydrostatic reconstruction, to infer gradients in a third
spatial dimension. An initial demonstration and validation of this
approach has been reported by Sonnerup and Hasegawa (2011).
As preparation for use with space data, the reconstruction code
was benchmarked by use of synthetic data taken at points along
straight lines through an exact, spheromaktype, axially sym-
metric, solution of the equations. The results demonstrate that
reasonably accurate reconstruction of timeindependent, 3D
magneto-hydrostatic structures is in principle possible. It was
shown that a close facsimile of the actual structure of ﬁelds and
plasma pressure can be constructed from just a pair of probes
moving across the structure, as shown in Fig. 5.
Applications of 3D reconstruction method to actual spacecraft
data, e.g., from the Cluster and STEREO missions, and also from
the upcoming MMS mission appear possible, but events must be
chosen with care. In the direction perpendicular to the spacecraft
path, structures up to 10 the spacing of the spacecraft are those
best reconstructed. For larger structures, calibration errors
between the two spacecraft may dominate the difference
between the time series from the two spacecraft, whereas, for
smaller structures, the method may fail to resolve local features.
The assumptions of time independence and magneto-hydrostatics
that underlie the present method are often too restrictive.
Methods that include the full dynamics would clearly be desir-
able. This will require the use of data from a minimum of three
spacecraft. The reported experience to date, with timeindepen-
dent 2D reconstructions, suggests that simple Grad–Shafranov
(GS) reconstruction gives robust results concerning the ﬁeld
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cantly violated. But it does not provide information about the
plasma ﬂow dynamics.
The reconstruction methods reported to date serve as stepping
stones toward a general case that includes 3D features as well as
time dependence and full account of ion inertia, Hall effects and
even electron inertia. Successful reconstruction in three space
dimensions has been shown in principle to be possible. More
benchmark testing is needed, to establish its full capabilities as
well as its limitations. For essentially 2D structures, the 3D
method should return nearly 2D behavior, if the spacecraft
trajectory has a signiﬁcant component along the weakly varying
axis of the structure. When it indicates 2D behavior, the older 2D
methods should be used to obtain the best results. Thus the new
3D method complements 2D GS reconstruction. A new data
analysis method has now been demonstrated for reconstruction
of steady, 3D, magneto-hydrostatic ﬁeld structures using data
from two nearby spacecraft. In the future, new data analysis
methods could be developed for reconstruction of steady, 3D,
MHD ﬁeld structures using data from two or more nearby space-
craft. Data from additional nearby spacecraft add to the robust-
ness of the reconstruction, extending range and reducing errors.
Such reconstructed 3D ﬁelds provide estimates of current density,
pressure and ﬁeld gradients, ﬁeld line curvature radii, importance
of three-dimensionality (third dimension gradients), and direc-
tion of spatial gradients. These are important diagnostics for
assessing MHD instability conditions on FTE ﬂux ropes or other
observed bipolar ﬁeld variations.4. Electron scales
Q. How do ﬂux ropes get generated by component reconnec-
tion? What are the pitch angles of ﬂux ropes?
Over the past few years, the advent of petascale computers
with 105 processors has greatly expanded the feasible size of
kinetic simulations and this is leading to a wealth of newpredictions concerning the three-dimensional structure and evolution
of reconnection layers. Daughton et al. (2011a–c) recently performed
a three-dimensional PIC simulation of component reconnection with
mi/me¼100 for a domain size of 70di70di35di corresponding to
4.3 billion cells and 1 trillion particles. The simulation was
initialized with a symmetric ion-scale current sheet and a guide ﬁeld
equal to the reconnecting ﬁeld, corresponding to rotation angle of 901
across the layer. The focus was to examine both the onset and
nonlinear evolution of component reconnection.
During the onset phase, tearing modes develop within the ion-
scale layer as shown in the left panel of Fig. 6. It is immediately
clear that the 2D concept of magnetic tearing islands corresponds
in 3D to helical magnetic structures known as ﬂux ropes. These
ﬂux ropes produced by the tearing instability were observed over
a range of oblique angles 7141, which was considerably nar-
rower than predicted 7401 by simple analytic theories of tearing.
However, further work showed that some of the assumptions in
the analytic theory were not well-satisﬁed in these thin ion-scale
layers, and numerical solutions for the linear Vlasov eigenmodes
were able to demonstrate good agreement with the PIC simula-
tions at mi/me¼100. Furthermore, this work also showed that
properties of these tearing modes should remain very similar for
realistic parameters mi/me¼1836. While the spectrum of modes
in the initial layers is narrower than previously thought, the
simulated ﬂux ropes interact in complex ways not possible in 2D
models—as they wrap and coalesce to larger scale structures.
Over longer time scales, these simulations develop highly
extended electron-scale current sheets near X-lines and along separ-
atrices. The formation of these layers is well known from previous
two-dimensional kinetic studies, where these extended electron
layers can be unstable to secondary magnetic islands (Daughton
et al., 2006; Drake et al., 2006). In 3D, these secondary islands also
correspond to magnetic ﬂux ropes. However, there is far more
freedom to form secondary ﬂux ropes in 3D simulations, since the
preferred angle for tearing instabilities within these electron layers
usually requires a ﬁnite component of the perturbation in the out-of-
plane direction. As a result, the 3D simulations feature numerous
Fig. 6. Fully kinetic 3D simulation from Daughton et al. (2011a–c) of a symmetric current sheet showing the formation of the initial ﬂux ropes (left) during the onset phase
and numerous secondary ﬂux ropes (right) at later time growing from the electron layers. Isosurfaces of particle density are colored with the current density, along with
sample magnetic ﬁeld lines (yellow). Parameters are mi/me¼100 and reconnecting ﬁeld equal to the guide ﬁeld. Simulation was performed on the Kraken machine at the
National Institute for Computational Science.
Fig. 7. Slice of the current density (top panel) from a fully kinetic 3D simulation of an asymmetric layer relevant to the magnetopause. The electron current layer is
breaking-up into ﬂux ropes along the magnetosheath side as shown in the bottom panel by an isosurface of high current density (red) along with sample magnetic ﬁeld
lines. Parameters are mi/me¼100, reconnecting ﬁeld equal to the guide ﬁeld and a density jump of 8 across the layer with 10 billion cells and 2 trillion particles.
Simulation was performed on the Jaguar machine at the National Center for Computational Sciences at Oak Ridge National Laboratory. For further details see Karimabadi
et al. (2011).
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same symmetric layer. As the dynamics develops further, new ﬂux
ropes spontaneously appear leading to an evolution which may
become turbulent under certain conditions. However, the precise
details of this 3D evolution depend critically on where the extended
electron layers form, which is a function of both the guide ﬁeld
(rotation angle) and the proﬁle of asymmetries across the initial layer.
To make comparison with observations at the magnetopause, it
important to take both of these factors into account.
The example shown in Fig. 7 is from a new simulation for an
asymmetric layer with density jump of 8 and guide ﬁeld equal
to the reconnecting ﬁeld (Karimabadi et al., 2011). In this case, themost intense electron current sheet is on the magnetosheath side
as shown in the top panel, similar to earlier results (Cassak and
Shay, 2008; Pritchett, 2008). The break-up of this layer into
tearing instabilities leads to the formation of oblique ﬂux ropes
as shown in the bottom panel of Fig. 7.
From this work it seems that some differences between 2D and
3D results appear as tearing instabilities driven by the strong
shear across the electron scale layers. Analysis has shown that
tearing theory approximately predicts the initial number of
ﬁlaments into which the current sheets break up, though coales-
cence appears to reduce that number with time. Further analysis
of the power spectrum, growth time, wavelength, and angle of the
T.E. Moore et al. / Journal of Atmospheric and Solar-Terrestrial Physics 99 (2013) 32–4038structures generated are consistent with tearing instabilities of
the electron layers. Though a number of examples of space
observations that appear consistent with 2D structures have been
reported, many others are perhaps better described as intrinsi-
cally 3D structures, as seen in these simulations.
At the magnetopause, the class of ‘‘Flux Transfer Events’’
usually consists of ﬂux ropes resembling those seen in these
simulations. Of the ideas for FTE origins, the simulations suggest
that multiple X-lines are typically involved in their generation,
rather than a single X-line. The usual criterion for observationally
distinguishing these is their degree of asymmetry along a space-
craft trajectory. However, in these simulations, different space-
craft trajectories can result in either symmetric or asymmetric
variations, so that is not a clean discriminator and these struc-
tures do not conform to the simple models that have been used.
This makes it clear that many FTEs may not have been accurately
categorized or even recognized in earlier studies, and that
comparisons with fully 3D PIC simulations will be essential in
the future, for example for the MMS mission, which has a focus on
electron layer dynamics and stability.
In an extension of this work, Daughton et al. (2011c) have
performed 3D PIC simulations with varying guide ﬁeld (or angle
between the reconnecting ﬁelds). The results reconﬁrm that all
magnetic islands are really ﬂux ropes in 3D, and that tearing
modes are the likely mechanism of generating ﬂux ropes. The
guide ﬁeld plays an important role in controlling the properties of
the tearing instability and the formation of new electron-scale
current sheets. For weaker guide ﬁelds (more nearly antiparallel
reconnection), the most intense electron layers are embedded
within the ion outﬂow jet, rather than along the separatrices.
Large electron temperature anisotropies (Te994Te?) are generated
in these regions (Le et al., 2010) and regions near the electron
layers are near (or beyond) the ﬁrehose instability threshold. For
weaker guide ﬁeld, the 3D simulations feature many small-scale
ﬂux ropes within these electron layers, but most remain fairly
small. In addition, the larger ﬂux ropes appear to be unstable to
the classic MHD kink instability, leading to helical perturbations
of the rope.
In addition to the tearing mode, regions with strong velocity
shear harbor another mechanism for generating ﬂux ropes,
namely the Kelvin–Helmholz instability. When the velocity shear
is strong enough to start wrapping up the magnetic ﬁeld lines
(super-Alfvenic relative to the component that is wrapping), KH
vortexes will contain intense current sheets, which then recon-
nect as a way of dissipating the shear. The end result is often ﬂux
ropes, but generated by nonlinear KH development leading toFig. 8. Illustration of the hierarchy of scales to be addressed by MMS in its investigation
scales of the diffusion region at right.reconnection (Nykyri and Otto, 2001) within the wrapped up
ﬁelds of the vortexes. This type of process is believed to be
happening in the large asymmetric 3D PIC runs reported above,
with the KH vortexes growing on the edges of the outﬂow jets. It
is also clearly relevant to the high shear regions of the magneto-
pause along the ﬂanks where reconnection may not otherwise be
present (Nykyri et al. 2006).5. Time scales
Q. What starts and modulates reconnection?
The most compelling mystery of reconnection may be the
apparently broad dynamic range of rates at which it can proceed.
On the dayside magnetopause, reconnection appears to be rela-
tively steady and persistent, though it moves around from the
subsolar region to the polar lobes with IMF orientation, and it is
inﬂuenced by solar wind plasma conditions. On the other hand, in
the magnetotail and in the solar atmosphere, reconnection
appears explosive, with large peaks in the rate at which it releases
stored magnetic energy. In the solar atmosphere, we often see
spherical/circular blast waves propagating away from energy
release sites thought to be associated with reconnection, implying
the generation of ﬂows exceeding local wave speeds.
Perhaps the overarching question about reconnection is ‘‘What
starts reconnection and what determines the rate at which it
proceeds, once started?’’ Subsidiary questions include: ‘‘Do the
answers to this question lie in the boundary conditions externally
imposed on a reconnection site or in the conditions that prevail
locally within the electron diffusion region, including, for exam-
ple, plasma ion composition and mass density?’’
Absent the ability to continuously monitor a reconnection site
with remote sensing, as we do in principle at the Sun, it will be
extremely difﬁcult to perform a comprehensive temporal analy-
sis. Reconnection that is relatively steady will always be more
frequently captured with an orbiting spacecraft and in situ
measurements. Nevertheless, direct observations of the shortest
electron scale features will be a new capability when MMS is
launched, which will permit direct measurement of reconnection
rate and its variations over short time scales. Important correla-
tions with local conditions will be straightforwardly detected.
Correlations with boundary conditions will be investigated as
permitted by ancillary data sets. These observations will without
doubt complement our existing knowledge of reconnection and
allow us to build improved physical models that exhibit the full
range of reconnection behaviors in space and time.of reconnection, from global scales at left, to MHD–ion scales at center, to electron
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Q. How are the variation scales of reconnection coupled to the
end result?
In this paper, we have sought to show that phenomena at all
length scales are important in determining the consequences of
reconnection of magnetized space plasmas, as illustrated by Fig. 8.
The importance of reconnection stems from the most fundamen-
tal property of a magnetized conducting ﬂuid, which is usually
expressed by the so-called frozen ﬂux theorem ﬁrst suggested by
Hannes Alfve´n: ‘‘Any two plasma parcels connected by magnetic
ﬁeld lines must move at a transverse bulk velocity such that they
remain connected by ﬁeld lines.’’ Note here that no motion of the
ﬁeld lines themselves is speciﬁed or required, so one must hasten
to add ‘‘unless the plasma parcels ﬂow into a region with
disconnected ﬁeld lines.’’
At the largest global scales, reconnection will split open any
current sheet separating regions of disparate ﬁelds from different
sources, such as the Sun and the Earth, likely beginning in the
regions of greatest ﬁeld shear, where the reconnecting ﬁelds are
antiparallel (Shay et al., 2003), spreading along an extended X-
line to regions where the ﬁelds are not antiparallel (Shepard and
Cassak, 2012). The main question is how the split will be oriented
and conﬁgured, and what will be the total rate of generation of
reconnected ﬂux tubes and thus the amount of coupling between
the two regions, resulting from a given orientation of the two
reconnecting ﬁeld sources. One approach predicts an X-line shape
that is locally constrained by the relative orientation of the two
reconnecting ﬁelds, leading to characteristic curves, from which
the active X-line(s) is determined as that candidate curve with the
maximum rate of magnetic shear occurring anywhere along its
length. An alternate but closely related approach speciﬁes that the
X-line follows the locus of the maximum rate of shear, so that the
X-line follows the ridges of antiparallel ﬁelds that extend from the
cusps on the dayside magnetosphere. Through extensive sam-
pling of the low latitude boundary layer along the magneto-
spheric ﬂanks, MMS will determine whether either of these two
approaches closely describes the global X-line shape, or if it has
an entirely different nature.
The splitting open or disruption of a Harris-like current
sheet allows the otherwise separate ﬁelds to interconnect and
interact. When two such splits occur in parallel, a local magnetic
island is created, which corresponds in general to a 3D plasma/
magnetic ﬂux rope. Multiple X-lines appear to be common and
then lead naturally to the formation of substantial ﬂux ropes
known as ﬂux transfer events. Magneto-hydrostatic reconstruc-
tion is a powerful new analysis tool that uses MHD force balance
to resolve spatial structures from temporal evolution, based on
multi-point data sources. In the future, such reconstructions may
be extensible to include multi-ﬂuid MHD. When MMS supplies
multi-point measurements of the electron diffusion region, the
technique may possibly be used to identify magnetic nulls and
separators and to determine what departures from MHD equili-
bria apply to such regions.
At electron scales, we currently have little real evidence upon
which to construct expectations for the MMS mission. However,
we do have the new generation of high resolution 3D PIC
simulations. These provide an appealing but daunting vision of
the macroscopic effects of electron scale physics, involving the
creation of multiple X-lines and complex intertwined magnetic
ﬂux ropes spawned by tearing mode instabilities of the electron
layers. Multi-point high-resolution MMS observations are essen-
tial to create an opportunity to falsify these simulation results or
to fail to do so in the attempt.7. Conclusions
Q. What will MMS tell us about reconnection?
This paper focuses on the multiscale nature of reconnection, from
global to electron inertial scales and including important ion scale
physics for the initiation and forcing of reconnection in an otherwise
stable Harris current sheet. In it we have sought to identify the
outstanding questions that will be addressed by the NASA Solar
Terrestrial Probe mission called Magnetospheric Multiscale or MMS.
Those questions can be summarized as follows:
The most important overarching goal is to ﬁnd out how reconnec-
tion works. This entails answering the following questions: What disrupts an unconnected current sheet and connects
magnetic ﬁeld and plasmas across it? What disrupts a connected current sheet and disconnects a
ﬂux rope or plasmoid from it? What controls the (dis)connection ﬂow speeds, that is, the rate
of reconnection or the electric ﬁeld. In particular, how does
reconnection become explosively rapid?
An important secondary goal is to ﬁnd out the role of
turbulence in reconnection and particle acceleration, that is: When, how and why do ﬂows become distinctly intermittent,
non-laminar or turbulent? How does turbulence affect the rate of reconnection?
 How do reconnection and turbulence accelerate energetic
particles?
As always, we also hope to learn things that could not have
been anticipated, as may be expected when a large improvement
in measurement resolution is implemented.Acknowledgments
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